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(57) Abstract 

An improved fluid drop ejector is disclosed which includes one wall comprising a thin elastic membrane (13) having an orifice 
defining a nozzle and means (17) responsive to electrical signals for deflecting the membrane to eject drops of fluid from said nozzle. 
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FLUID DROP EJECTOR AND METHOD 

Brief Suwparv of t- he Tnvpntinr, 
This invention relates generally to fluid drop ejectors 
and method of operation, and more particularly to fluid drop 
5 ejectors wherein the drop size, number of drops, speed of ejected 
drops, and ejection rate are controllable. 

Background of the Invention 
Fluid drop ejectors have been developed for ink jet printing. 
Nozzles which allow the formation and control of small ink 
10 droplets permit high resolution, resulting in printing sharper 
characters and improved tonal resolution. Drop-on-demand Inkjet 
printing heads are generally used for high-resolution printers. 

In general, drop-on-demand technology uses some type of 
pulse generator to form and eject drops. In one example, a 
15 chamber having an ink nozzle is fitted with a piezoelectric wall 
which is deformed when a voltage is applied. As a result, the 
fluid is forced out of the nozzle orifice and impinges directly 
on an associated printing surface. Another type of printer uses 
bubbles formed by heat pulses to force fluid out of the nozzle. 
20 The drops are separated from the ink supply when the bubbles 
collapse. 

There is a need for an improved fluid drop ejector for use 
not only in printing, but also, for photoresist deposition in 
the semiconductor and flat panel display industries, drug and 
biological sample delivery, delivery of multiple chemicals for 
chemical reactions, DNA sequences, and delivery of drugs and 
biological materials for interaction studies and assaying, and 
a need for depositing thin and narrow layers of plastics for 
use as permanent and removable gaskets in micro-machines. There 
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is also need for a fluid ejector that M « 



It xs an object of this ' n n 
fluid drop ejector. ^ invention to provide an improved 

It is another obiect nf> • 
«rop ejector in „ hic ' h ^ ^™ n "°" ™* e £luid 

veiocit y . ejection rete „^ o" "roo ^ Si2 " ^ 
controlled. ° f dr °ps can be easily 

It is a further obiect of -t-v^ • 
-op ejector „„ ich ^ nic ?r n a ~ iOT * —ae e fluid 

It is another obiect- ^ 
drop ejector which can be »i ro lnVentl ° n ^ PrOVide * flui « 
excitable matrix of J^^^^ ^^^V 
fluid drops. aVlng nozzles for ejection of 

It is a further obiect of *k • 
^op ejector in which ^lll^ZT^ '° 3 
to eject droplets of fi uid ™ inolu *«* a nozzle is actuated 
resonance of the membrane. ' ^ fr ° m the n&ch ^ical 

The foregoing and other objects aT -« „■ 
drop ejector which includes a fluTd * Chleved b * - "uid 

comprising a thin, elastic » w reservoir with one wall 

a nozzle. The B ^ " -fining 

application of bending forces aool , ""^^ Vib " te ° n 

resonant frequency. when saYd P "* *rentially at its 

membrane deflects to form a „H reServoir stains fluid, the 
~ir is not necee^'^ ~L " ^ n ° 22l °- 

-tk ^ Brief rvscripi-ion of ^ Drawino 

The foregoing and other objects of <-k 
more fully understood from the foi, ^vention will be 

connection with the accompan^L ~d in 

Fi^re 1 is a section^ "of a Too' T^" 
Rector i„ accordance with ' '° n ~ d ^ * luid drop 

Piezoelectrically driven membrane deluding a 

i; ^re 2 is a top pian view of ' ^ ^ ^ ^ 
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Figure 3 is a sectional view of a drop-on-demand fluid drop 
ejector in accordance with another embodiment of the invention; 

Figures 4A-4C show the ac voltage applied to the 
piezoelectric transducer of Figures 1 and 2, the mechanical 
5 oscillation of the membrane, and continuous ejection of fluid 
drops ; 

Figures 5A-5C show the application of ac voltage pulses 
to the piezoelectric transducer of Figures 1 and 2, the 
mechanical oscillation of the membrane and the drop-on-demand 
10 ejection of drops; 

Figures 6A-6C show the first three mechanical resonant modes 
of a membrane as examples among all the modes of superior order 
in accordance with the invention; 

Figures 7A-7D show the deflection of the membrane responsive 
15 to the application of an excitation ac voltage; 

Figure 8 is a side elevational view of a fluid drop ejector 
wherein the membrane is electrostatically oscillated; 

Figure 9 shows another embodiment of an electrostatically 
oscillated membrane; 
20 Figure 10 shows a fluid drop ejector in which the membrane 

is oscillated by a magnetic driver; 

Figures 11A-11D show the steps in the fabrication of a 
matrix of fluid drop ejectors of the type shown in Figures 1 
and 2 ; 

25 Figure 12 is a top plan view of a matrix fluid drop ejector 

formed in accordance with the process of Figures 11A-11D; 

Figures 13A-13C show the steps in the fabrication of a 
matrix of electrostatic fluid drop ejectors; 

Figure 14 is a top plan view of the fluid drop ejector shown 
30 in Figure 12; 

Figure 15 is a bottom plan view of the fluid drop ejector 
shown in Figure 12 ; and 

Figure 16 shows another embodiment of a matrix fluid drop 
ejector. 

35 Description of the Pref erred Embodiments 

A fluid drop ejector according to one embodiment of this 
invention is shown in Figures l and 2. The ejector includes 
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a support body or substrate n «>,,• u 

supply of fluid. A cy ?i ndr \ T° h apert — 'or the 

membrane 13. The support ^^1?^ " " 
a fluid reservoir 14 A „ aDe ' "* membrane 13 def ine 

12 to permit continuous 3^71; llTI ^ ~ ^ ^ 
replenish fluid which is ejected as will b ^ t0 

The supply openin, could be f ' or L d — 
substrate n or its apertures 7 SUPP6rt b ° dy or 

» is attached to or -L^the^ 

13. The disk 17 i ne inH« ^ "PPer surface of the menbrane 

p^.JL^z T^TT contact " 1M 18 and »• 

« «e »e.hra„e. or " n ° t t. elf £ T ^ 

T ^ , CAI De wie membrane. 

In accordance with the invents™ .... 
so that it mechanically oscilt«« . " ,e '" bra " e is "riven 
This is illustrated in Fi^sTtn^ T?^ ^ *— ~ 
a sine wave excitation voXta^e w^cf " 
Piezoelectric transducer. The t^J " """"^ t0 the 

-embrane responsive to the ^ W"" 'orces to the 

the amplitude ord. t °.ction .t 1 !™" 39 "- Fi9Ur * " 
responsive to the applied forces JT*" °* membrane 
power is tirst applied ^ "*"• " 15 noted that when the 

hV the first power :; cl e *" Sli9h " y ** l "° t - 

deflection increases, whereby " T «« 

third cycle, the me^rane " s in " , ^'"^ " 

at 23, P igure 4B „ ln "a* 1 ™" "ef lection, as shown 

continues Z J!^^; «*»»-«» 

cycle of the applied volta^ and pel t 'j^""""" « — h 
corresponds drop, as sholn' in Fi<JuT. « when "h"" " ~* 
turned off, the -embrane deflection T ?0,,er is 

«. The frequency at whi<* tt, " Sh0, ' m " 24 " Pi ^ e 

on the „.»brane Serial iTeTT™ """"^ 
Size. The shape of ^' ^T"' ~ 
however, the other shapes such as ^ CirCul «'- 

can he »ade to resonate and e/ect ^3?' «C 
an elliptic »e*brane can eject two d" T*"' *" Parti = u1 "- 
at resonance. The aeount 1 " ^ f ° Cal ^"t* 

cf the applied power. Ti^Ts ^ °" -"' lt ~ 

that the oe^rane t^rT '^T^ 

uxirerent modes of resonant 
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deflection. Figure 6A shows deflection at its fundamental 
frequency; Figure 6B at the first harmonic and Figure 6C at the 
second harmonic. 

The action of the membrane to eject drops of fluid is 
5 illustrated in Figures 7A-7D. These figures represent the 
deflection at the fundamental resonance frequency. Figure 7A 
shows the membrane deflected out of the reservoir, with the 
liquid in contact with the membrane. Figure 7B shows the 
membrane returning to its undeflected position, and forming an 

10 elongated bulb of fluid 2 6 at the orifice nozzle. Figure 7C 
shows the membrane extending into the reservoir and achieving 
sufficient velocity for the bulb to cause it to break away from 
the body of fluid 2 6 and form a drop 27 which travels in a 
straight line away from the membrane and nozzle toward an 

15 associated surface such as a printing surface. Figure 7D 
represents the end of the cycle and the shape of the fluid bulb 
at that point. 

Referring to Figure 4C, it is seen that the membrane reaches 
maximum deflection upon application of the third cycle of the 

20 applied voltage. It then ejects drops with each cycle of the 
applied voltage as long as the applied voltage continues. 
Figures 5A-5C show the application of excitation pulses. At 
29, Figure 5A, a four-cycle pulse is shown applied, causing 
maximum deflection and ejection of two single drops. The 

25 oscillation then decays and no additional drops are ejected. 
At 30, three cycles of power are applied, ejecting one drop. 
It is apparent that drops can be produced on demand. The drop 
rate is equal to the frequency of the applied excitation voltage. 
The drop size is dependent on the size of the orifice and the 

30 magnitude of the applied voltage. The fluid is preferably fed 
into the reservoir at constant pressure to maintain the meniscus 
of the fluid at the orifice in a constant concave, flat, or 
convex shape, as desired. The fluid must not contain any air 
bubbles, since it would interfere with operation of the ejector. 

35 Figure 3 shows a fluid drop ejector which has an open 

reservoir 14a. The weight of the fluid keeps it in contact with 
the membrane. The bulb 26a is ejected due to the suppression 
caus d by deflection of the membrane 13 into the fluid. 
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A fluid drop ejector or +-h~ *. 

=o»prieea . oircuiir „ ewjra ^ ^ >».«*• nOTbrane 
« » in diameter, having a central tol ? thickness; 
5 This Membrane was supported ^! I a 15 ° l " aiM ««> • 

cylinder with an outsirriaseter «:rra„r P ° S,a °* * 
or «. The se^ran. wts «Tu a ted an h n dediMeter 

Piezoelectric plate bonded on its bottom - " anmilar 
circular sembrane. The annu!., • a " d ° n axis to <*. 

10 diameter of 2 3 5 ^ JT^ ' P "*°* 1 ~ !trio P 1 "* >»d « outside 
thicKness „a " di "°" er ° f "s 

- .b. housi„ g ^ z r raea by the — 

with fluid. The aevic. P " tC Perai,: "filing 

approbate!, iso „ in LZJT^Z t^"*" " 

i= a PP i ying an alternative r f \ ™p.rt c 0 °: ° ccurred uhen 

plat, at a frequency of 15 5 kh* , !! Piezoelectric 
bandwidth,, which corresponaed ro th ™* of 

liquid loaded Serrano 2T* ? re5< "» nt 'requency of the 
mesbran. with large "sol™ T " " endin9 "°" t "' « <=he 

20 identical drops were TeotT " °" ~" t "- ~" ds « 
direction ana velocity ,°™ SeC ° nd the — 

- with continuous ej.ctiot whiT »" 
frequency to adapt to PP yi " S " Sli9ht Chan ^ *<> 
the composite membrane^! reS °" ant « 

» the level of l iquid reTin./ 0^/^ th ^ l0ading - ^ 
formation remained relatively co~* I f ™*—y of drop 

sinusoid,!, although sguaTwaU lTt **" elt " ta "°" ~ 
used as h.r»onic signals ana „T waveforms were 

« «- p-".i.ctrrrt.\tr::.Tcirr uou * drop 

oe ^em^Ts^ dMCribad - f 1Uid =»n 
semiconductor mat.r7.i7 Z'T^^ "Oologies of 
silicon oride. tbe ^JTJ^Z^ * a " d 

Piezoelectric could be a aeposTtea t a f r°" " ltrlae ' 
5 in this manner, the dim.,.., " SUCh aB 2inc °xide. 

then 100 sicro^ aL ^e office" ™ »° »°" 
to tens of microns. , , "* anyUhe " tr °° a f «» 

-ented for printing U^^"^* >" ~* 

P Wlth iittle or no relative 
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motion between the fluid drop ejector and object upon which the 
fluid is to be deposited. 

The membrane can be excited into resonance with other types 
of drivers. For example, Figure 7 shows an ejector in which 
the membrane is electrostatically vibrated. The membrane 31 
may be of silicon nitride with a conductive film 32. The 
membrane is spaced from the substrate 33 by an insulating oxide 
ring 34; a conductive film 36 is applied to the lower surface 
of the substrate. Thus, when voltage is applied between the 
two conductive films, it induces a force proportional to the 
square of the electric field between the two conductive films 
32, 36. The added simplicity of not needing a piezoelectric 
transducer is quite important; however, such a design will only 
work for fluids that are non-conductive. Micro-machining such 
a device will be described below. 

Figure 9 shows an electrostatic fluid drop ejector which 
can be used to eject conductive fluids. The same reference 
numbers have been applied to parts corresponding to Figure 8. 
The fluid drop ejector of Figure 9 includes an insulating support 
37 which supports a rigid conductive member 38 spaced from the 
film 32. Voltage applied between the conductive member 37 and 
conductive film 3 2 will give rise to forces proportional to the 
square of the electric field therebetween. These forces will 
serve to deflect the membrane 31. 

Figure 10 illustrates a device similar to that of Figures 
8 and 9, where like reference numbers have been applied to like 
parts. However, the transducer 3 9 is a magnetic transducer 
electrically driven to deflect and bring into resonance the 
membrane 31. This transducer can also be driven magnetically 
or electrically by another transducer placed at a distance such 
as behind a piece of paper. 

Referring to Figures 11A-11D, the steps of forming a micro- 
machined matrix of fluid drop ejectors of the type shown in 
Figures 1 and 2 from semiconductor material are shown. By well- 
known semiconductor film or layer-growing techniques, a silicon 
substrate 41 is provided with successive layers of silicon oxide 
42, silicon nitride 43, metal 44, piezoelectric material 45 and 
metal 46. The next steps, shown in Figure liB, are to mask and 
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etch the metal film 46 to fQrm ^^.^ 

a central aperture 4 9 and ,w shaped contacts 4 8 having 

form transducers 51. The next SM "' P a "«n to 

«« to form disk-shaped contacts s? h" th « £il » 

and intarccnnectad along columns i^'H aPe """ S " 
Figure .re to mask and etch orifT Th « steps, 

nitride layer 43. This is foll!f /! " " the sili< =°« 

silicon oxide lay er „ toro'th 7 h l JZT^^ the 
reservoir 56. The silicon nltt,!, " " t0 f0rn a »«" 

silicon oxide posts 57. " ltrida »=mbrane is supported by 

iiA-Jo'nhe t^rzz:; the Mtri * ■** *» — 

reservoir. !t is seen that the \ °» 
•Paced posts 57. The lows ton^ctsTf «" ^ 
in «,e horisontal rows are i-^^^]^- 1 ' 0 '' 1 * "~ 
contacts of the piezoelectric „~k " Sh ° wn ana <*• "PPer 
interconnected as shown, ther ly g^Y" ^ •° 01 """ "~ 
individual ejectors can be excite! ^ v. ln " hich 

patterns of drops. By micro-Ta ch ' * e3eotin « selected 

of orifice or nodes LT^ZZ' ~ 
orifices is loo „„, th . ratrix "j " tha spacing between 

depositing a resolution of 25 4 d «f pe ? ' ^-"aneously 

between orifices is 50 ™ th * " the spacing 

simultaneously depositing a' I *° ° apabla ° r 

such resolution wLd ^ t ^nt to" °' ^ *»*• 

lines or pages of text without thVneo. T Printin ' ° f 

between the print head and t^"S^^"- »~* 

illustrated in Fi g„ res i 3A - 13c . ^ e f Let T " 
«-e highly doped polysilicon wafer 11 ZT» " *° " ltb 
substrate. The „.xt steps are to glow . , " 

of oxide 62 thermally or bv „„ lay<sr <1 - 1 ° 

other XC processing method, 101™^ deP ° S - ti0n « ^ 

- - « is ^rr^rr-s: 
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resulting structure is shown in Figure 13A. A resist pattern 
of 2 nm diameter dots on a two-dimensional grid with 100 urn 
period is transferred lithographically to the wafer. The gold 
and nitride are etched through the dots by using a suitable 
chemical etch for the gold and a plasma etch for the nitride. 
The resulting structure is shown in Figure 13B. The holes 66 
provide access to silicon dioxide which acts as a sacrificial 
layer. The sacrificial layer is etched away by pure hydrofluoric 
acid during a timed etch. This leaves a portion 67 of the 
thermal oxide layer supporting the silicon nitride membrane. 
The size of the unsupported silicon nitride membrane is 
controlled by the etch time. However, if processing were termi- 
nated at this point, the surface tension between the liquid 
etchant and the silicon nitride layer would pull the nitride 
15 membrane down as the etchant is removed, once the nitride and 
silicon are in contact, Vander Wals forces would hold the 
membrane to the silicon substrate and the device would no longer 
function. Two different techniques can be employed to prevent 
this from occurring. First, chemically roughening the silicon 
surface to reduce the surface area to which the membrane is 
exposed and thus, reduce the Vander Wals forces holding the 
membrane. The preferred chemical etchant is potassium hydroxide 
and is an anisotropic silicon etchant. After 20 minutes of 
etching, pyramidal posts are left on the silicon surface. The 
second step used for preventing sticking is to freeze-dry the 
structure; this results in the liquid etch sublimating instead 
of evaporating. The patterned upper metal film is interconnected 
along rows as shown in Figure 14 and the bottom film is patterned 
and interconnected in columns as shown in Figure 15. This 
provides a means for individually addressing the individual fluid 
drop ejectors to electrostatically eject a dot pattern. 

The invention has been described in connection with the 
ejection of a single fluid as, for example, for printing a single 
color or delivering a single biological material or chemical. 
It is apparent that ejectors can be formed for ejecting two or 
more fluids for color printing and chemical or biological 
reactions. The spacing of the apertures and the size and 
location of the associated membranes can be selected to provide 
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isolated columns or rows of interconnected reservoirs ah • 
rows or columns can be provided with different fi^s T 
example of a matrix of flu in ^ fluids. An 

r ._ olrs i5 * ir" r: 6 hav ::: ro " so£ 

5 56. are interconnected .long rows 71 JT re «^°it S 
f ™ — — ner by the ^ '^"^TL^ 

reservoirs cen be supplied with a di^r'nt f^id T-^" °* 
ejectors are aneroid ,. irierent fluid. Individual 

interconnections LT :r 59a by ™T\ the 
10 formed in the «™ illustrated embodiment is 

ormed « the same manner as the embodiment of Figure 12 it 
as apparent that spacing of apertures and 
embodiment of Figures 14 and J w rSSerV ° lrs of 

isolated rows or columns of Z™ 1 " *° ^ 

for delivery of multiple fluids The D " aPertUreS t0 P " Vide 
15 drop ejector assembly of Figures T^T^ °* ^ 

r- - »»"»--.•■"« =2= 
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WHAT IS CLAIMED: 

1. A fluid drop ejector comprising: 
at least one fluid reservoir, 

a * least one elastic membrane having at least one orifice 
5 defining at least one nozzle adapted to be in contact with a 
fluid in said reservoir, 

displacement means responsive to an applied electrical 
signal for displacing said at least one membrane to bring said 
at least one membrane into mechanical oscillation whereby, when 
10 the fluid is in contact with said at least one membrane, the 
displacement of the membrane causes the formation and ejection 
of a drop of fluid from said at least one nozzle with each cycle 
of oscillation. 

2. A fluid drop ejector as in Claim 1 wherein the means for 
15 displacing said at least one membrane comprises a piezoelectric 

transducer affixed to said at least one membrane. 

3. A fluid drop ejector as in Claim 1 wherein the means for 
displacing said at least one membrane comprises an 
electromagnetic transducer affixed to said at least one membrane. 

20 4. A fluid drop ejector as in Claim 1 wherein the means for 
displacing said at least one membrane comprises a conductive 
film on the surface of said membrane and a spaced conductor 
whereby application of the ac electrical signal between the film 
and spaced conductor generates an electrostatic force which 

25 deflects said at least one membrane. 

5. A fluid drop ejector as in Claim l which comprises a 
plurality of elastic membranes in contact with said at least 
one fluid reservoir, each including displacement means for 
applying ac electrical signals to each of said displacement means 

30 to eject drops from selected membranes. 

6. A fluid drop ejector as in Claim 5 wherein said at least 
one fluid reservoir comprises at least two adjacent fluid 

11 
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reservoirs and said a-t- i« ac? *- 

reservoirs, whereby fluids =.n ! , X " ea ° h of said 

said reservoir. "* sel «="^y ajected fro. each 

5 r..^: i : r . dr :L;i;r - r r ai ° • «*— — — 

line axon, each of si reservoirs ^ °' ^ 
8. A fluid drop ejector as in ci a i» . w 

includes a plurality of elaJ/ wherein said ejector 

ixty of elastic membranes arranged i n a matrix. 

10 9. A fluid drop ejector which includes: 
a substrate, 

^lT riX OI elMtiC — -^in, at least one 

a fluid, 1Uld reservoir for receiving 

means for supplying fluid to said fluid reservoir and 
displacement means responsive to servoxr, and 

signal for selective v „• , appl led electrical 

affixed to each of said 

membranes ^ ri ° ^ ransc * ucer s 

H- A fluid drop ejector ae ^ «i • 
5 ai*Piaci„ g said -L^an.! co^rises el ec J "~ ~ 

affixed to eeoh of said n.„ b r,„ es ^^'""^ transducers 

sa^rs ' ~" — ~ 

surface of each of " . * conductive fll » on the 

■ application of the Ye " T~ ""^ 

spaced conductor o.n«,f. \ " 9nal bet " een the £il » «* 
said ..ohrenee " ^"—tatic force which deflect. 
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13. A fluid drop ejector as in Claim 9 wherein said support 
structure defines a plurality of fluid reservoirs whereby each 
reservoir can receive a different fluid. 

14. The method of fabricating a fluid drop ejector comprising 
5 the steps of: 

providing a substrate; 

forming a support layer on said substrate; 
forming a membrane layer of material on said support layer; 
forming apertures in said membrane layer to expose said 
10 support layer; and 

etching away portions of said support layer to leave 
unsupported membrane spaced from said substrate to define 
therewith a fluid reservoir. 
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